Although a large body of scientific literature shows that background color and luminance affect color perception, previous measurements of tooth color difference thresholds have not taken the effects of viewing context into account. The present study tested the hypothesis that differences in skin/gingival color influence individuals' judgments of tooth color differences. Perceptibility and acceptability thresholds were determined in 10 individuals using a signal detection paradigm. They evaluated 500 pseudo-random presentations of two facial portraits: an African-American and a Caucasian. These portraits varied trial-to-trial only in the direction (CIELAB +L*, +a*, or +b*) or magnitude of the color difference between a portrait's two central incisors. The individuals were significantly less sensitive to tooth color differences in the +L* direction in the Caucasian portrait than for any other combination of color direction or portrait type. Furthermore, comparable perceptibility and acceptability thresholds were generally not statistically significant from each other.
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InTRODuCTIOn
T he color replication process of any restorative material for dental or facial prosthetics consists of a shade selection phase, followed by a shade duplication phase (Wee et al., 2002) . When instrumental color analysis is used to facilitate accurate replication, it is important to establish standards of acceptable color differences between the desired and actual fabrication outcome. A sizeable body of literature exists dealing with measures of the perceptibility (absolute perceptibility ranging from 1 to 3.7 ΔE) and/or acceptability (in an aesthetic sense, ranging from 1.1 to 6.8 ΔE) of dental color differences in humans (Kuehni and Marcus, 1979; Ruyter et al., 1987; Johnston and Kao, 1989; Seghi et al., 1989; Douglas et al., 1998; Ragain and Johnston, 2000; Douglas and Brewer, 2007) . A striking feature of this literature is the diversity of results reported.
Some of this diversity may be attributed to methodological differences. Lindsey and Wee (2007) recently introduced four refinements to existing methodology: (1) their work was carried out within the color space of teeth, (2) they analyzed separately for L*, a*, and b* axes, (3) they used signal detection theory (Green and Swets, 1966; Starr et al., 1975) to control each individual's potential bias toward positive or negative judgments of perceptibility and acceptability, and (4) they used a computer-controlled protocol to ensure that all participants were evaluated in a carefully controlled and therefore highly reproducible setting. However, another important potential source of variance in threshold color differences, which has not received prior attention in the dental literature, is the color and luminance of the background against which color differences are assessed (e.g., Takasaki, 1966; Smith et al., 2000) . For this issue to be addressed, the influence of facial/gingival color on perceptibility and acceptability of tooth color difference was investigated in realistic full-face Caucasian and African-American portraits. The current study tested the hypothesis that facial color will influence the perceptibility and acceptability thresholds for tooth color differences.
MATERIAlS & METHODS

Study Population
Ten individuals were recruited from the general population of the Ohio State University Medical Center and the surrounding area. All participants in the present study had normal color vision as assessed by the American Optical Hardy-Rand-Rittler/AO-HRR (Hardy, 1957) pseudo-isochromatic plate test, and all had normal visual acuity with corrective lenses. The study protocol was approved by the University's Institutional Review Board, and all individuals gave informed consent prior to their participation in the study.
Assessing Tooth Color Differences in Digital Facial Portraits
Stimuli Participants made judgments of color differences between two central incisors in briefly viewed Caucasian or African-American portrait images presented on a computer display (19" RGB monitor; 24D Diamondtron, Mitsubishi/Gateway, North Sioux City, SD, USA; 1600 h x 1200 v x 80 frames/sec x 8 bit per color channel). Each image depicted the frontal view of one unpaid model posed with a full smile showing full maxillary central incisors (Fig. 1) . The same two digitized portraits were used throughout the study; the color of one of the central incisors in a displayed portrait varied from trial to trial.
Portraits were obtained from high-resolution (3500 x 2330 pixel) RAW digital photographic images. Each image was processed in Photoshop™ (Adobe Systems, Inc., San Jose, CA, USA) as follows: (1) The left central incisor was replaced with a left/right mirror-reflected version of the right central incisor;
(2) specular reflection in the new right incisor was altered to disrupt incisor symmetry; (3) portrait color balance was adjusted so that the average standard central incisors' color in CIELAB (excluding regions of specular reflection) was L* = 74.3; a* = 3.1; and b* = 13.4 (re: 5500K standard), which is well within the range of vital unrestored natural tooth color measured in a large, heterogeneous population (Gozalo-Diaz et al., 2007) ; (4) the resulting images were placed on a standard 5500K achromatic background; (5) images were down-sampled to 1024 x ...1024 pixels. Systematic variations in the right central incisor tooth color were then added using custom software.
Procedures
Estimates of perceptibility and acceptability were each based on 1000 trials per person presented in pseudo-random order, 500 trials per portrait type (Caucasian or African-American). The two central incisors depicted in the display were identical in average color on ¼ of the 500 trials. On the remaining 375 trials (3/4 of the 500) per portrait, the two central incisors differed in color along the +L* (brighter), +a* (redder), or +b* (yellower) directions of CIELAB color space. In each of these directions, 5 color differences-1, 2, 3, 4, and 5 ΔE*-were each presented on 25 separate trials. Previously published simulations have shown that 25 replications provide reasonable estimates of an individual's performance (McKee et al., 1985; Klein, 2001) . The 25 replications were used to calculate binomial variance for each participant's color discrimination for each color difference. These variances were used in the jackknife procedures described below. To summarize, the 1000 trials used to measure perceptibility or acceptability were distributed across 32 separate conditions: two portrait types (Caucasian and African-American) x 5 ΔE*s (1.0-5.0) x 3 CIELAB directions (+L*, +a*, +b*), plus a null condition for each portrait type.
Each participant was tested in four experimental sessions (< 30 min/session). In two sessions, the color difference perceptibility sessions, participants were instructed to indicate on each trial whether the two central incisors differed in color. In the other two sessions, the color difference acceptability sessions, participants were told at the beginning of the session that the left central incisor depicted in each portrait was a crown, and they were asked to indicate on each trial whether the match in color between left and right central incisors was acceptable. The four sessions were conducted on separate days.
During a session, participants viewed a uniform gray screen (with a central fixation spot) prior to the beginning of each trial. They then pressed a button to present a stimulus consisting of a randomly selected portrait/tooth color combination, which was displayed for up to 2.5 sec before being replaced by the uniform gray screen. Participants responded (yes/no or accept/ reject, depending on the task) at any time during the trial, by pressing one of two buttons. This terminated the trial.
Statistical Analysis
The data were the percentage of trials, for each face/color direction/difference combination, on which each participant identified a color difference or rejected the crown when the two central incisors differed in color (hit rate, H), and also the percentage of null trials on which each participant indicated a color difference (or rejected the crown) for two colorimetrically equivalent incisors (false alarm rate, FA). In Signal Detection Theory (SDT), hit and false alarm rates are used to calculate d′, a statistic for visual sensitivity that discounts the participant's decision criterion. For this particular task, d′ is calculated by:
where z(.) is the z-transform of hits and false alarms (Macmillan and Creelman, 2005) . A value of d′ = 1.0 defined the threshold. This d′ yielded threshold estimates close to those based on 75% correct on a traditional two-alternative forced-choice task (see Macmillan and Creelman, 2005) .
We evaluated the experimental hypothesis by comparing color difference thresholds using standard jackknife procedures (Robert and Casella, 2004) . Pair-wise comparisons of thresholds were evaluated for statistical significance (p < 0.05 or p > 0.95) based on the results of 100,000 simulated "experiments". In each simulation, d′s for each color difference/color direction/ face condition were obtained by random drawing from Gaussian distributions, with means and standard deviations obtained from the empirical results for each condition for each participant.
A secondary analysis involving false alarm rates was also carried out by two-way analysis of variance (ANOVA) [dependent measure (% FA); 2 portrait types (Caucasian, African-American) x 2 judgment types (perceptibility, acceptability)].
RESulTS
Average thresholds based on a d′ of 1.0 ranged from 1.45 to 2.88 ΔE* units ( Figs. 2A, 2B ). Note that perceptibility and acceptability for the three directions in color space tested all increased monotonically with ΔE*, and all psychometric functions are similar in shape. Hence, comparisons of thresholds across conditions did not depend crucially on the exact choice of threshold d′.
Two features of the data stand out. First, for each portrait type, corresponding perceptibility and acceptability thresholds for each direction in color space were, in nearly every case, statistically indistinguishable from one another (Table) . Power analysis based on Monte Carlo simulation revealed that color differences of approximately 0.35 ΔE* were statistically significant (p < 0.05) 80% of the time. Second, participants were significantly less sensitive to tooth color differences in the +L* direction when viewing the Caucasian portrait (circles in Fig.  2A ) than to any other combination of color direction or portrait type (see first and fourth columns, labeled CpL* and CaL* in the Table) . Less obvious in Fig. 2 are the statistically significant thresholds in the a* direction, which were uniformly lower for African-American portraits than for Caucasian portraits (rows Apa* and Aaa* in the Table) . These results are consistent with the experimental hypothesis that perceptibility and acceptability thresholds depend on portrait type. The other statistically significant threshold comparisons in the Table do not suggest a systematic effect of portrait type.
The average false alarm rate was 14% (range, 1% to 60%). The ANOVA revealed no significant differences across portrait type (p < 0.64). False alarms for perceptibility (9%) were not statistically different (p < 0.08) from those for acceptability (20%), because of large individual differences among participants.
DISCuSSIOn
The range of threshold color differences observed in the present study (ΔE* = 1.45-2.9) was similar to that (ΔE* = 1.25-2.8) obtained by Lindsey and Wee (2007) , who used a similar methodology with schematic "teeth" rather than natural portraits. The results of the two studies differ in the details of those color differences. In the previous study, +b* thresholds were a factor of 2.4 higher than +a* and +L* thresholds. In the present study, b* thresholds were comparable with those obtained in the a* direction. However, L* thresholds depended on portrait type, being significantly higher for the Caucasian than for the African-American face. These differences may be attributed to the differences in background conditions in the two studies. This may also have contributed to the variation in color difference thresholds previously reported in the dental literature. The large dependence of +L* sensitivities on portrait type in the present study is an important new finding. It provides compelling evidence that a single absolute set of color difference standards in prosthesis fabrication is unlikely to work. Standards may need to take into account skin (as well as gingival) color, unless very stringent standards are adopted, which could render individual context-dependent differences moot.
The results of this study are qualitatively in line with the large number of previous studies showing that detection thresholds for luminance and color differences depend upon background luminance and hue (e.g., Brown, 1952; Smith et al., 2000) . Likewise, the perception of supra-threshold color differences depends on the structure of the viewing scene. A "crispening effect" has been reported when stimuli consisted of simple targets presented on uniform backgrounds (e.g., Takasaki, 1966; Whittle, 1992) . However, in more complex, naturally occurring scenes, the relationship between surface color perception and background contrast is more complex (Peli, 1990; Gilchrist et al., 1999) . These classic findings, along with the present ones, underscore the potential usefulness of naturalistic simulations of clinically relevant stimuli in the study of prosthetic color differences.
Most previous studies of tooth color difference have assumed that an individual's ability to perceive color is the only factor limiting his/her performance. However, Lindsey and Wee (2007) showed that when individuals are presented with the difficult task of judging small color differences, the demands of the task may bias them toward responding "yes, there is a color difference" or even "the match between crown and adjacent incisor is unacceptable", even when the two simulated "teeth" are colorimetrically identical. The parameter of performance d′, derived from SDT statistical techniques, takes false alarms into account and can be used to deal with the issue of bias (or, equivalently, each individual's response criterion). The false alarm rate in the present study is overall about half that found in a previous study by Lindsey and Wee (2007) . This may be due to the use of more realistic-looking stimuli. Nonetheless, in a clinical setting, false alarm rates could be much higher, and SDT would be a useful way to separate an individual's response criterion from his/her sensitivity to small stimulus differences.
The finding that perceptibility and acceptability judgments do not differ from one another is in disagreement with some previous reports of tooth color differences (e.g., Douglas and Brewer, 1998) , and it is reasonable to wonder why this is so. In traditional dental experiments, the individual judges the perceptibility of a color difference, and then judges the acceptability of the difference only if he/she perceives the difference, in a sequential paradigm. In the present study, participants judged the perceptibility and acceptability independently. Importantly, two other studies that used the independent judgment method rather than the sequential judgment method (Kuehni and Marcus, 1979; Lindsey and Wee, 2007) also reported that there were no differences between perceptibility and acceptability thresholds. One important reason why methodology may matter is that the sequential paradigm renders the two judgments statistically dependent: The judged acceptability difference threshold can a Numbers are fractions of 100,000 Monte Carlo experiments in which row threshold was greater than column threshold. Bold type indicates p < 0.05 (row threshold > column threshold) or p > 0.95 (column threshold greater than row threshold). b Row and column labels: C = Caucasian, A = African-American; p = perceptibility, a = acceptability; L*, a*, b* = direction of color difference in CIELAB color space. c 0.000 indicates p < 0.001.
only be greater than the perceptibility difference threshold. It can never be smaller. The use of high-quality, image-processed, full-face portraits, presented on a calibrated computer color display, constitutes a potential change in paradigm in the clinical assessment of color differences, in that now color judgments are made approximately in situ, and therefore may be influenced by a variety of psychological and perceptual factors, which may govern such judgments in real-life settings. Furthermore, color is but one dimension along which prostheses may differ from the tissues they are designed to replace. Surface texture (e.g., roughness), chromatic texture (local variegation), luster, and translucency are other dimensions that may be of clinical significance and need to be investigated further.
